Abstract-Orthogonal frequency division multiplexing with index modulation (OFDM-IM), which uses the subcarrier indices as a source of information, has attracted considerable interest recently. Motivated by the index modulation (IM) concept, we build a circular convolution filter bank multicarrier with index modulation (C-FBMC-IM) system in this paper. The advantages of the C-FBMC-IM system are investigated by comparing the interference power with the conventional C-FBMC system. As some subcarriers carry nothing but zeros, the minimum mean square error (MMSE) equalization bias power will be smaller comparing to the conventional C-FBMC system. As a result, our C-FBMC-IM system outperforms the conventional C-FBMC system. The simulation results demonstrate that both BER and spectral efficiency improvement can be achieved when we apply IM into the C-FBMC system.
I. INTRODUCTION
As one of the multicarrier modulation (MCM) systems, orthogonal frequency division multiplexing with index modulation (OFDM-IM), which can be regarded as an extension of the spatial modulation (SM) concept [1] into frequency domain, has attracted considerable interest recently [2] , [3] . At the transmitter of the OFDM-IM system, the subcarriers are divided into groups and the active subcarrier indices are used as a source of information. At the receiver, the subcarrier indices are detected by a maximum likelihood (ML) detector or a low-complexity log-likelihood ratio (LLR) detector [2] . By the utilization of subcarrier indices as a source of information, the OFDM-IM system exhibits an improvement in bit error rate (BER) performance compared to the conventional OFDM system, especially for low-to-mid rate cases [4] .
As another MCM system, filter bank multicarrier (FBMC) can provide the best out of band emission [5] among the new waveforms proposed for 5G and future networks, such as generalized frequency division multiplexing (GFDM) [6] , universal filtered multi-carrier (UFMC) [7] - [9] , filtered orthogonal frequency division multiplexing (F-OFDM) [7] and their variants. This advantage enable the FBMC system to utilize the fragment frequency bandwidth in a spectrum efficient way. Apart from its advantage of significantly reduced out-of-band (OoB) emission, FBMC can achieve higher spectral efficiency as it does not use any cyclic prefix (CP). However, due to the fact that there exists the ramp-up and ramp-down problem at the beginning and end of the frame in FBMC system [10] , the spectral efficiency of the FBMC system decreases in the applications with short messages, such as machine-to-machine (M2M) communications and internet of things (IoT) [11] , [12] .
To improve the spectral efficiency of the conventional FBM-C system, the authors in [10] , [13] proposed the truncation tails methods. However, the orthogonality of the edge symbols will be degraded due to emitting the signal tails. The orthogonality problem was solved in [14] by replacing the linear convolution operator used in the conventional FBMC system with circular convolution. cyclic prefix (CP) is inserted in front of each block to achieve free interblock interference (IBI). The circular convolution FBMC (C-FBMC) proposed in [14] lighted the passion of the following researchers. Walsh-Hadamard precoding scheme was applied to C-FBMC in [15] , which harvests frequency diversity in frequency selective channel. To make C-FBMC perform well in double-dispersive channel, circular fast convolution based FBMC (CFC-FBMC) system was proposed in [16] . Among all of the C-FBMC schemes, the IM technique has not been used in the C-FBMC system before. It has been proved in our previous paper [17] that IM technique can decrease the interference power and provide a better signal to interference ratio (SIR). To enhance the performance of the C-FBMC system in multipath channel, we can apply the IM technique into C-FBMC system.
In this paper, we build a C-FBMC with IM (C-FBMC-IM) system model in matrix form. The spectral efficiency and error performance of the C-FBMC-IM system are investigated. As some subcarriers carry nothing but zeros in the C-FBMC-IM system, the minimum mean square error (MMSE) equalization bias power will be smaller comparing to the conventional C-FBMC systems. As a result, our C-FBMC-IM system outperforms the C-FBMC system. The simulation results demonstrate that 1dB performance gain can be achieved for the proposed C-FBMC-IM system when the spectral efficiency of the C-FBMC-IM system is 6.25% higher than that of the C-FBMC system.
The rest of this paper is organized as follows. Section II presents the model of the proposed C-FBMC-IM system. In section III, we give the advantages of C-FBMC-IM by comparing the interference power. Besides, the ML detector and the LLR detector are upgraded for the C-FBMC-IM system. Simulation results of the C-FBMC-IM system are 978-1-5090-5935-5/17/$31.00 ©2017 IEEE presented in Section IV. Finally, Section V concludes the paper.
II. SYSTEM MODEL
The modulating model of the C-FBMC-IM system is illustrated in Fig.1 . As we can see, the C-FBMC-IM is a blockbased processing system, each C-FBMC-IM block contains symbols with subcarriers in each symbol. The subcarriers bearing constellation symbols are defined as active subcarriers, while the subcarriers left blank are defined as inactive ones. For each symbol, a total of bits are transmitted. The subcarriers are divided into groups, with subcarriers in each group, i.e., = . For each group, the incoming bits are split into two parts, 1 bits for the index selector and 2 bits for the mapper. On one hand, the first 1 bits are fed to the index selector and out of subcarriers are activated according to the look-up table [2] . Therefore, the number of bits carried by the indices of active subcarriers is given by 1 = ⌊log 2 ⌋, where ⌊ ⌋ denotes the greatest integer smaller than x and represents the binomial coefficient. On the other hand, the remaining 2 bits are mapped to the activated constellation symbols. The number of bits carried by the constellation symbols is given by 2 = log 2 , where stands for a -ary constellation. After modulation, each group can be written as
Here, , denotes the constellation symbol for = 1, ..., and S ∈Λ, where Λ is the set of all possible signal vectors. Then, all groups are sent to the C-FBMC symbol creator, which can be implemented either in a consecutive way [2] or in an interleaved way [18] . The generated -th C-FBMC symbol can be expressed as
where , =¯, +˜, , with¯, and˜, being the real and imaginary parts of , , respectively. For active subcarriers, we assume that¯, and˜, are independent and identically distributed with E{¯, } = E{˜, } = 0 and E{|¯,
The transmitted C-FBMC-IM symbol vector can also be expressed as s =s +s ∈ ℂ ×1 . After the processing of the phase shifter matrix and inverse fast fourier transform (IFFT) matrix, the real branch symbol vector can be expressed asv
Here, Θ is the diagonal phase shifter matrix, which can be defined as
, ...,
where the -th diagonal element is
. F is the normalized -point fast fourier transform (FFT) matrix, with F = F −1 . All the symbols in a C-FBMC-IM block after parallel-to-serial (P/S) conversion can be written asv
For C-FBMC-IM system, the transmitted signal is circular convolved with the filter g = [ 0 , 1 , ..., −1 ]. The real branch filter can be expressed
where denotes the overlapping factor. We can define the real branch circular convolution matrix as
where the sub-matrixḠ is given bȳ
After being circularly convolved with the filter, the real branch of the transmitted symbol is expressed asx =Qv ∈ ℂ
×1
with the assumption of = . Similarly, the imaginary branch of the transmitted C-FBMC-IM symbol is given byx =Qṽ ∈ ℂ ×1 , whereṽ = [ṽ 0 ;ṽ 1 ; ...,ṽ −1 ] ∈ ℂ ×1 withṽ = F Θs . Besides, the imaginary branch circular convolution matrixQ is defined as the same way with theQ by replacingḠ withG , wherẽ
After adding the real and imaginary branch signals (i.e. x =x +x), a CP is inserted to cancel the IBI caused by the multipath channel. Suppose the channel is expressed as h = [ℎ 0 , ℎ 1 , ..., ℎ ℎ −1 ] with the maximum delay ℎ . To achieve a IBI free system, the length of CP can not be shorter than ℎ . For C-FBMC-IM system. the spectral efficiency can be calculated by
The C-FMBC-IM system reduces to C-FMBC system in the case of = , whose spectral efficiency is given by
The spectral efficiency gain of the C-FBMC-IM system over C-FBMC system can be expressed as
By properly choosing and , the spectral efficiency of the C-FBMC-IM system can be improved. For example, when ( , ) = (8, 7) and = 4, we can calculate = 1.0625, which indicates that the spectral efficiency of the C-FBMC-IM system exceeds that of the C-FBMC system. 
III. THE DERIVATION OF THE RECEIVED SIGNAL
The receiver process of the C-FBMC-IM system is shown in Fig.2 . At the receiver, the received signal block after removing CP is given by y = h x + n,
where n denotes the Gaussian noise with variance 2 and h is a × circulant channel matrix with h appended with − ℎ zeros in its first column. Furthermore, h can be diagonalized by FFT matrix and it can be expressed as h = F ΛF , where F denotes the -point FFT matrix and
] with being the -th element of F h. Transforming the received signal into frequency domain, we can obtain
where Y, X and N are the frequency response of y, x and n, respectively. Then, the equalization is processed in frequency domain and the channel equalizer diagonal matrix can be expressed as
Here, = 0 stands for the ZF equalizer and = 1 represents the MMSE equalizer. After equalization, the equalized signal is given by
where Γ is a MMSE equalization bias diagonal matrix with the -th diagonal element (1 − 2 2 + 2 ). Transforming the equalized signal back to time domain, we can obtain
Then, the same operation will be implemented in the real and imaginary branches independently. In the next, we will take the real branch for example to illustrate the detailed derivation. Firstly, being circularly convolved with the filter, the received signal has the following expressionp =Q u. 
Using the definition ofp and substituting (16) into (17), we have the following expression
whereV , = Θ FQQ F Θ ,V , = Θ FQQ F Θ ,Z = Θ FQ F ΓF and B = Θ FQ F WF withQ andQ being the -th and -th row of the matrixQ andQ, respectively. For r , the first term contains the desired symbol (i.e.s ), the second term is an imaginary-valued term, the third term is the MMSE equalization bias term and the last term is the processed noise term.
V , have the following properties [19] 
Taking the real part ofr , the estimated real branch of the -th symbol can be expressed aŝ
With the same derivation, the estimated imaginary branch of the -th symbol is given bŷ
with the definitionZ = Θ FQ F ΓF , andB = Θ FQ F WF . Finally, combining the estimated real and imaginary branch, the estimation of the -th symbol can be expressed aŝ s =s +s + ℜ{Z x} + ℑ{Z x}
According to (22), we can see that the desired symbol is affected by the MMSE equalization bias I , and the processed noise I , , which are independent with each other.
The MMSE equalization bias power can be written as
where = E[xx ]. By using x =Qv +Qṽ, we have
It is easy to prove that E[vv ] = E[ṽṽ ] = 2 2 I, then the MMSE equalization bias power can be written as
where Q =QQ +QQ . The processed noise power can be written as
Since E[nn ] = 2 I, we have
Different from the conventional C-FBMC system, not all of the subcarriers are active in our C-FBMC-IM system. Compared with the conventional C-FBMC system where = , the MMSE equalization bias power of the C-FBMC-IM system is smaller since < in equation (25). Besides, the processed noise power of the C-FBMC-IM system is the same with that of the conventional C-FBMC system according to (27) . As a result, the error performance of the C-FBMC-IM system will be better than that of the C-FBMC system.
To detect the indices of the active subcarriers, the estimated symbolŝ is divided into groups by the detection group creator. Then, T can be detected by the optimal ML detector, which is expressed aŝ S = arg min
FromŜ , we can decode the index bits by the index decoder and the constellation symbol bits by the symbol decoder. The complexity of ML detection is ∼ ( 2 1 ). To reduce the complexity of the ML detector, LLR detector is proposed in [2] , whose complexity is ∼ ( ). In C-FBMC-IM system, the LLR detector can be upgraded as
where represents the -th subcarrier processed signal, denotes the interference power of the -th subcarrier and ∈ with being the set of -ary constellation symbols. After calculation of the LLR values, the subcarriers in each group are assumed to be active if they have maximum LLR values. In equation (29), the interference power can be calculated by [20] is adopted in our simulations. The channel information is assumed to be known at the receiver. The Extended Gaussian Function (EGF) filter [5] is adopted in our simulation with overlapping factor = 4 and = 2. Fig. 3 shows the BER comparison of the C-FBMC-IM system and the C-FBMC system. For C-FBMC-IM sytem, ( , ) is set to (4, 3) and = 1, which means that the spectral efficiency of the C-FBMC-IM system is the same with that of the C-FBMC system. It can be found from the simulation result that the ML detector and the LLR detector exhibit exactly the same BER performance. By the utilization of subcarrier indices as a source of information, the C-FBMC-IM system outperforms the C-FBMC system. A performance gap of approximately 2dB is recorded for ZF equalizer and that is almost 3dB for MMSE equalizer. Since the MMSE equation bias power is reduced when we employ the IM technique, the C-FBMC-IM system with MMSE equalizer achieves a better BER performance than that with ZF equalizer. In Fig. 4 , ( , ) is set to (8, 7) for the C-FBMC-IM system. The spectral efficiency of the C-FBMC-IM system is better than that of the C-FBMC system, with = 1.0625. Almost the same BER performance can be achieved for the ML detector and the LLR detector. For ZF equalizer, the BER performance of the C-FBMC-IM system is 1dB worse than that of the C-FBMC system, which can be regarded as the expense paid for spectral efficiency improvement. However, for MMSE equalizer, because of the smaller MMSE equalization bias power, the BER performance of the C-FBMC-IM system can achieve 1dB better than that of the C-FBMC system. Both BER and spectral efficiency are improved when we introduce IM into the C-FBMC system. V. CONCLUSION In this paper, we have introduced the IM technique in the C-FBMC system and build a C-FBMC-IM system model. In the multipath channel, the BER performance of the C-FBMC-IM system can be improved since the smaller MMSE equalization bias power. Furthermore, the ML detector and the LLR detector are upgraded for the C-FBMC-IM system. It has been demonstrated that the C-FBMC-IM system outperforms the C-FBMC system with the improvement of the spectral efficiency.
